INTRODUCTION
Submarine volcanoes were recently discovered during shipboard acoustic surveys and associated sampling of the subducting Pacific Plate off NE Japan and at the Hawaiian Arch, approximately 300-500 km north of the Hawaiian Islands (Clague et al., 1990; Hirano et al., 2006) . Both of these areas are intra-plate locations where the oceanic lithosphere is flexing in response to plate subduction and to loading related to the presence of seamounts, respectively. This flexing is dominantly elastic (McAdoo and Martin, 1984; Watts and Zhong, 2000) , but it may also induce brittle fracturing of the bending plate (Hirano et al., 2006) . Lavas at both localities are alkaline basalts that contain extremely high concentrations of volatiles and incompatible elements, implying a low degree of partial melting of the mantle. The high volatile content of these magmas prior to eruption is indicated by their remarkably high vesicularity, despite the fact that they were erupted in submarine conditions. Such magmas are believed to be the result of tectonic defor-R/V Mirai, which aimed to find young petit-spot volcanoes at the region where the Nazca plate is flexing in response to subduction at the Chile trench (Fig. 1) .
GEOLOGICAL AND TECTONIC SETTINGS
The subduction of the Nazca Plate (which underlies the southeastern Pacific Ocean) under the South American continent has resulted in the development of the PeruChile trenches and subduction of mid-oceanic and hotspot-related ridges. The Juan Fernández seamount chain lies in the center of the Nazca Plate and is oriented semi-perpendicular to the Peru-Chile trenches. The seamount chain is currently being subducted, with gravity anomalies associated with the seamounts forming a flexural arch and moat along the chain oriented WSW to ENE (Fig. 1) . The present study area, off Valparaiso, central Chile, covers the oceanward slope of the Chile trench and the southeastern parts of the O'Higgins Seamount, found at the eastern tip of the Juan Fernández seamount chain where the 35.5-36.5 Ma Nazca Plate is being subducted into the Chile trench (Yáñez et al., 2001) .
The Domingo and Friday Seamounts are believed to be active seamounts associated with the modern day Juan Fernández hotspot. It should be noted that these seamounts have not been dated but are formed of alkali basalts highly enriched in incompatible elements (Devey et al., 2000) . The two major subaerial volcanoes on the Juan Fernández seamount chain, Isla Alexander Selkirk and Isla Róbinson Crusoe, are located approximately 100 km and 280 km from Domingo Seamount, respectively. Basalts from Isla Alejandro Selkirk have been dated using K-Ar methods to 1.0 ± 0.3 Ma (Booker et al., 1967) , and to 1.0 ± 0.1 and 2.4 ± 0.1 Ma (Stuessy et al., 1984) . In comparison, basalts from Isla Róbinson Crusoe give K-Ar ages of 3.3 ± 0.8 Ma (Booker et al., 1967) , 3.8 ± 0.2 and 4.2 ± 0.2 Ma (Stuessy et al., 1984) , and 4.0 ± 0.2 Ma (Baker et al., 1987) (Fig. 1a) . The O'Higgins group dominates the eastern end of the Juan Fernández seamount chain and consists of O'Higgins Guyot, O'Higgins Seamount, and O'Higgins Ridge, on the outer-rise of the Chile trench. Ar-Ar total fusion ages of dredge samples from O'Higgins Guyot give an age of 8.5 ± 0.4 Ma (preliminary report in von Huene et al., 1997) , whereas magnetic signals suggest that O'Higgins Seamount was formed around 9 Ma (Yáñez et al., 2001) . Therefore, the Juan Fernández seamount chain shows a typical hotspot track with an age distribution correlated with the direction of plate motion (Fig. 1a) .
The oceanward slope of the Chile trench is characterized by linear horst and graben structures and seafloor spreading fabrics (Ranero et al., 2005) , features that are commonly present in subducting ocean floors. A prominent difference between the study area and other equivalent parts of the subducting plates is the presence of faults oblique to the trench axis (Fig. 2) . The azimuth of these oblique faults is parallel not only to the Juan Fernández seamount chain but also to the Challenger Fracture Zone, which originates from the Juan Fernandez microplate and the Chile Ridge. Ranero et al. (2005) speculated that the lithosphere in the study area was weakened by loading associated with the Juan Fernández seamount chain, leading to the bending of the plate due to plate subduction and initiating volcanism associated with the seamount chain. Alternatively, Kopp et al. (2004) suggested that the fracture zones were reactivated during plate bending prior to the initiation of subduction, because remarkable fractures are only found on the trench side of the Juan Fernández seamount chain. In addition, many hummocks are present to the southeast of the O'Higgins group, between 33°S and 73°W, and dominate significant parts of the study area, as apparent on the faulted abyssal plain by SeaBeam sonar bathymetric mapping (Fig. 2) .
SAMPLES AND METHODS
R/V Mirai MR08-06 Leg 1 cruise was conducted as part of the "South Pacific Ocean Research Activity (SORA)" research project funded by the Japan Agency for Marine-Earth Science and Technology (JAMSTEC) (Abe, 2009 ). The cruise lasted from January 16 to March 14, in 2009, with the R/V Mirai sailing from Hachinohe, Japan to Valparaiso, Chile, and calling at Papeete, Tahiti, on February 5. During the cruise, a multibeam survey system (L-3 Communications, SeaBeam Instruments Inc.) was used to generate data and to produce wide-swath contour maps and acoustic backscatter images of the ocean floor in the range of 73°40′ W to 72°53′ W, and 32°53′ S to 33°35′ S. These data were subsequently filtered, gridded, and plotted using Generic Mapping Tools (Wessel and Smith, 1998) and MBsystem (Caress and Chayes, 1996) . Two dredges were also undertaken during the cruise in order to sample rocks from the tiny knolls (dredge D08) and the fault escarpment that truncates the volcanic edifices (dredge D10). At the knoll and escarpment, the acoustic reflectivity is more than 10 times higher than the reflective values of the surrounding abyssal plain, indicating that the lava flows are exposed at the seafloor (Hirano et al., 2008) (Fig. 3) . Highly vesicular rocks were obtained from the D08 site, with non-vesicular lavas sampled at D10. Rocks from both sites are fresh clinopyroxene-olivine-bearing basalts with quench features associated with eruption of lava lobes and breccias within pelagic sediments. Bubbles in the approximately 1.5-cm-thick quenched glass rinds within sample D08-05 decrepitated when brought onboard the R/V Mirai.
Major element compositions of fresh glass samples from both sites were determined by electron microprobe Sun and McDonough (1989) . Devey et al. (2000) . analysis at Tohoku University, Japan, with an acceleration voltage of 15 kV, an electron beam current of 1.5 nA, and a beam diameter of 50 µm. Glass trace-element compositions were determined by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) with a 193 nm ArF excimer laser at Kanazawa University, Japan. Samples were analyzed using a spot diameter of 100 µm and pulse frequency of 5 Hz. For the calibration, we used BCR2G (USGS microanalytical reference material) (Jochum and Nohl, 2008) . Data reduction was facilitated using 43 Ca contents as an internal standard and obtained by electron microprobe analysis. Details of the methods and data quality are described in the report by Morishita et al. (2005a, b) . The bulk rock major-element compositions of samples using Ar-Ar dating were determined by a RIGAKU model 3270 X-ray fluorescence (XRF) spectrometer at Ocean Research Institute (ORI), University of Tokyo, Japan. H 2 O(-) and loss on ignition (LOI) were determined at 110 and 950°C (over 6 h) (Machida and Ishii, 2003) . Samples for Ar-Ar dating were prepared by separating groundmass material after crushing it to sizes between 100 and 300 µm. The separated groundmass material was then wrapped in aluminum foil along with JG-1 biotite, K 2 SO 4 , and CaF 2 flux monitors. Any amorphous (e.g., quenched glass) parts of rocks were removed prior to ArAr dating because 39 Ar may move from one phase to another in a process known as "recoil." This can create a disturbed age spectrum when 39 Ar is created from 39 K in amorphous material through interaction with fast neutrons during irradiation of the sample. Samples were irradiated for 24 hours in the Japan Research Reactor No. 3 (JRR-3) with a thermal power of 20 MW. Ar extraction and isotopic analyses were undertaken at the Radioisotope Center, University of Tokyo, Japan. During incremental heating, gases were extracted in 10 to 12 steps between 600°C and 1500°C. The analytical methods used are the same as those used by Ebisawa et al. (2004) . concentrations in D08 lavas than in the D10 samples (Fig.  4b ). Data were measured by averaging 3-10 points. Analytical uncertainty is 1-2% for major elements. The resulting precision for trace elements, as checked by a standard reference material (analyzed as an unknown), was better than 10% (2σ) for most elements (Table 1) .
In a) and b), the open circles and thin lines show the composition of Friday and Domingo seamounts after
Ar-Ar age results of D08-03 and D10-05 are shown on Table 2 . A well-defined plateau age of 10.11 ± 0.22 Ma was obtained for D08-03 using an atmospheric value for the initial 40 Ar/ 36 Ar ratio (Fig. 5) . In comparison, sample D10-05 has a plateau age (with large error steps) of 8.32 ± 0.68 Ma, which is 64% of released 39 Ar and includes 4 heating steps. However, this age is probably artificially old due to the presence of excess 40 Ar, as indicated by the 40 Ar/ 36 Ar ratio of 308.8 ± 3.3, which is a value higher than the atmospheric ratio of 295.5 in the inverse isochron. The 6.69 ± 0.88 Ma age derived from the inverse isochron thus appears to be the best age estimate for sample D10-05 (Fig. 5) .
DISCUSSION
During the initiation of subduction an outer-rise forms, bending the lithosphere to form a downgoing slab and associated oceanic trench (e.g., Caldwell et al., 1976; Watts and Talwani, 1974) . The flexural behavior of the subducting lithosphere was studied using bathymetric data of oceanic trenches by Levitt and Sandwell (1995) . They showed that, according to plate subsidence models for the Nazca Plate (Parsons and Sclater, 1977) , the ~40 Ma Chile trench should be at a depth of 4.7 km below sea level. In reality, a discrepancy of 700-800 m between this modeled depth and the actual depth of the outer-rise cannot be explained by normal subsidence models in the study area (Fig. 2) ; this discrepancy is most likely due to the convex upward flexure at the pre-subducting slab, as indicated by high positive gravity anomalies adjacent to the Chile trench (Smith and Sandwell, 1997) . In the central Chile trench, offshore from Valparaiso, the Juan Fernández seamount chain is subducting along with the underlying Nazca Plate. The Nazca Plate in the area is flexing due to seamount loading, forming a flexural arch and moat, with associated positive and negative gravity anomalies, respectively (Fig. 1b) . Therefore, at the intersection of the seamount chain and the trench, the flexural seamount loading is associated with the flexural outerrise of the Chile trench. Kopp et al. (2004) suggested that plate flexure at the eastern tip of the Juan Fernández seamount chain may be masked by outer-rise flexure. Similarly, we note that the flexural moat associated with loading caused by the Juan Fernández seamount chain seems to disappear at the outer-rise (Fig. 1b) .
Given that the D08 and D10 sampling sites are a few tens of kilometers from the O'Higgins group seamount 
RESULTS
The major-element compositions of fresh volcanic glass indicate that the lavas are mugearites (D08) and alkali-basalts (D10), most of which have more differentiated compositions than the lavas from Friday and Domingo Seamounts (Fig. 4a) . Spidergrams for both samples have different patterns, and in general, incompatible and light rare earth elements (LREEs) are present in higher chain, the lavas appear to follow the flexural moat to the south of the seamount chain sometime after 10.11 ± 0.22 Ma and 6.69 ± 0.88 Ma at the two sites, respectively (Fig.  1) . These dates are not within the error margin, indicating that the volcanic cluster in the area may be related to several different tectonic and magmatic events during the last 10 million years. Consequently, it is not possible to correlate these lavas with the reactivation of the Challenger Fracture Zone on the oceanward slope of the Chile trench (Kopp et al., 2004) . Assuming the Juan Fernández hotspot track was fixed over the last 10 million years, the D08 lavas, dated at 10.11 ± 0.22 Ma, could have erupted on the flexural arch of the western portion of the contemporary hotspot (Fig. 1) at the present Friday and Domingo seamount sites, approximately 1 million years before the eruption of O'Higgins Guyot at 8.5 ± 0.4 Ma (von Huene et al., 1997) . In comparison, the 6.69 ± 0.88 Ma age of the D10 lava indicates eruption far to the east of the contemporary hotspot, where the flexural moat is negated by flexing of the outer-rise plate (Fig. 1) . The drastic change from concave bending associated with the flexural moat to convex flexure of the outer-rise was probably enough to allow magma to rise to the surface during brittle fracturing of the plate.
The spidergram patterns (Fig. 4b ) of D08 lavas, especially the heavy rare earth elements (HREEs) Zr and Hf, are dissimilar to those of lavas from the Friday and Domingo Seamounts, which are zero-aged seamounts derived from the Juan Fernández hotspot (Devey et al., 2000) . In contrast to D08, the D10 samples show similar spidergram patterns to the seamounts in terms of incompatible elements such as large ion lithophile elements (LILEs) and light rare earth elements (LREEs) (Fig. 4b) , although they are not depleted in Zr and Hf. Therefore, the geochemical data suggests that the D08 and D10 magmas underwent different melting processes. In a study of the Domingo lavas, Devey et al. (2000) suggested that depletion in Zr, Hf, and Ca, and enrichment in Al and HREEs are indicative of the metasomatism of CO 2 -rich kimberlitic melt that reacted with harzburgite mantle. The non-depleted nature of Zr and Hf in the present lavas (D08 and D10) indicates a different process than mantlemetasomatism during magma ascent, as proposed by Devey et al. (2000) . D10 lavas were derived from magmas with a source that was originally similar to the source of lavas from the Domingo and Friday Seamounts, but subsequently underwent a higher degree of partial melting (Fig. 4b) . The HREE patterns of the D08 lavas, on the other hand, are more depleted than the Friday, Domingo, and D10 lavas, indicating a different source than that of the Juan Fernández hotspot lavas. This view is supported by the Ar-Ar age data because the site of eruption of D08 is estimated to have been on the plate prior to its arrival at the Juan Fernández hotspot (Fig. 1) . Therefore, the geochemical characteristics of petit-spot melts could reflect the source materials at the site of plate flexure.
The petit-spot monogenetic volcanoes of the NW Pacific Plate were first reported by Hirano et al. (2006) , who proposed that magmas could escape along plate fractures within the flexed outer-rise of the Pacific Plate. Based on their model, such tectonically induced volcanoes could be ubiquitous in ocean basins if a mantle source for the magmas exists under the tectonic plates, ready to escape to the surface whenever and wherever the oceanic plate flexes. The tiny volcanoes of the Chile trench and Juan Fernández hotspot systems could be related to the development of a flexural arch prior to the arrival at a hotspot, or related to the interaction between a flexural moat and bending associated with an outer-rise, leading to the release of geochemically influenced magma by any materials below the plate.
